Natural hybridization accompanied by a shift in niche preference by hybrid genotypes can lead to hybrid speciation. Natural selection may cause the fixation of advantageous alleles in the ecologically diverged hybrids, and the loci experiencing selection should exhibit a reduction in allelic diversity relative to neutral loci. Here, we analyzed patterns of genetic diversity at 59 microsatellite loci associated with expressed sequence tags (ESTs) in a homoploid hybrid sunflower species, Helianthus anomalus. We used two indices, ln RV and ln RH, to compare variation and heterozygosity (respectively) at each locus between the hybrid species and its two parental species, H. annuus and H. petiolaris. Mean values of ln RV and ln RH were significantly lower than zero, which implies that H. anomalus experienced a population bottleneck during its recent evolutionary history. After correcting for the apparent bottleneck, we found six loci with a significant reduction in variation or with heterozygosity in the hybrid species, compared to one or both of the parental species. These loci should be viewed as a ranked list of candidate loci, pending further sequencing and functional analyses. Sequence data were generated for two of the candidate loci, but population genetics tests failed to detect deviations from neutral evolution at either locus. Nonetheless, a greater than eight-fold excess of nonsynonymous substitutions was found near a putative N-myristoylation motif at the second locus (HT998), and likelihood-based models indicated that the protein has been under selection in H. anomalus in the past and, perhaps, in one or both parental species. Finally, our data suggest that selective sweeps may have united populations of H. anomalus isolated by a mountain range, indicating that even low gene-flow species may be held together by the spread of advantageous alleles.
Introduction
Hybridization has been documented between many plant and animal species (Arnold 2006) . While most hybrid genotypes are less fit than the parental genotypes (Coyne & Orr 2004) , hybrids may contribute to the adaptation of the parental species by serving as a bridge for adaptive introgression (Anderson 1949; Arnold 2006) . In addition, fit hybrid combinations that are rare may become established if they can escape from hybrid zones before being broken up by recombination (Barton 2001) . This may occur through polyploidy, asexual reproduction, selfing, ecogeographical isolation and/or homoploid hybrid speciation. The latter mechanism, also referred to as recombinational speciation (Grant 1981) , describes the formation of a new species by hybridization without change in ploidy level. Reproductive isolation of the new hybrid genotype from the parental species may emerge almost immediately via karyotypic changes if the parental chromosomes are rearranged (Grant 1981; Rieseberg 1997) . However, ecological divergence may also act as a strong reproductive barrier, provided that the parental species are less fit than the hybrid in its habitat (McCarthy et al. 1995; Buerkle et al. 2000) . A combination of these two factors (chromosomal rearrangement and ecological divergence) dramatically increases the probability of homoploid hybrid speciation.
Hybrids have considerable genetic flexibility that may facilitate adaptation to a new habitat (Barton 2001) . Hybrids can exhibit intermediate trait values, combine traits from both parents and/or exhibit extreme trait values compared to the parental species (Gross & Rieseberg 2005) . Unlike the slow accumulation of novel mutations, homoploid hybrid species can benefit immediately from transgressive trait values generated by complementary gene action . Natural selection can cause fixation of advantageous alleles (or chromosomal segments) in the ecologically diverged hybrid, and the footprint of selection at these loci can be detected using various methods (Schlötterer 2002; Lexer et al. 2003; Beaumont 2005; Edelist et al. 2006) .
Regions of the genome that are under selection are likely to exhibit a strong reduction in allelic variation relative to neutral loci (Harr et al. 2002; Schlötterer 2002; Sáez et al. 2003) . Variation is expected to be lowest near the target of selection and to increase with genetic distance from the selected site, a phenomenon known as 'hitch-hiking' (Maynard-Smith & Haigh 1974) . The predicted size of the affected region is unknown in homoploid hybrids, but it is reasonable to speculate that regions that are swept to fixation during the origin of a hybrid species are large because of the speed of hybrid speciation and interspecific linkage disequilibrium (Ungerer et al. 1998; Buerkle et al. 2000; Edelist et al. 2006) . However, sweeps that occur after speciation are probably no different than in taxa that have more conventional origins. Because hybrid speciation is often accompanied by a population bottleneck, it is important to use highly variable markers to study selective sweeps. Microsatellites are ideal because they are highly variable, frequently associated with genes and amenable to highthroughput genotyping (e.g. Vigouroux et al. 2002; Dieringer et al. 2005; Muir & Schlötterer 2005; Song et al. 2006 ).
Schlötterer and coworkers (see Harr et al. 2002; Schlötterer 2002; Wiehe et al. 2007) have developed two quantitative model-free statistics to identify loci that exhibit the largest reduction in microsatellite diversity, ln RV and ln RH. Ln RV is the natural logarithm of the ratio between variances of two populations:
and ln RH compares the expected heterozygosity of the populations, based on a stepwise mutation model (Ohta & Kimura 1973 ):
These indices account for heterogeneity among loci in mutation rates by using the ratio of the observed variance or heterozygosity at each locus. In computer simulations, both ln RV and ln RH were robust to neutral drift, mutation rates and sample sizes (Schlötterer 2002; ). Because heterozygosity is expected to return to its expected equilibrium value more rapidly than variance in allele size, ln RH should be more powerful in detecting recent selective sweeps (Storz 2005) . The joint use of ln RV and ln RH reduces the false positive rate about three-fold . Under neutrality, the distributions of ln RV and ln RH can be approximated by a Gaussian distribution. If one of the statistics for a locus falls beyond the predetermined confidence bounds (i.e. 95% of a standard normal distribution), it signals a significant reduction in genetic diversity (Harr et al. 2002; Dieringer et al. 2005) .
In this study, we tested for locus-specific reductions in genetic diversity at 59 microsatellite loci in the homoploid hybrid sunflower species, Helianthus anomalus Blake, compared to its widely distributed parental species, H. annuus L. and H. petiolaris Nutt. (Rieseberg 1991; . H. anomalus is a sand-dune adapted species that appears to have arisen multiple times between 116 000 and 144 000 years ago ). Putatively adaptive differences between H. anomalus and its parental species, such as large seeds, smaller leaves and higher leaf nitrogen concentration, have been documented (Schwarzbach et al. 2001; Rosenthal et al. 2002; Brouillette et al. 2006) , and directional selection on some of the divergent traits has been detected in early generation hybrids grown in the dune habitat of H. anomalus (Ludwig et al. 2004) . H. anomalus is therefore a logical species in which to look for candidate genes for ecological speciation.
The microsatellites tested mostly derive from the flanking untranslated regions of complementary DNA (cDNA) developed via expressed sequence tag (EST) sequencing.
A few of the microsatellites tested occur within coding sequences. Thus, locus-specific reductions in microsatellite diversity are assumed to result from selection on very tightly linked genes (Maynard-Smith & Haigh 1974; Kim & Stephan 2002; Schlötterer 2002) . We also generated sequence data for two genes that may be targets of selection based on the microsatellite screens. We ask the following specific questions: (i) can divergently selected genes and/ or sites be identified through this comparative hitch-hiking approach? (ii) Do the candidate genes identified relate 
Materials and methods

Study species and collection sites
Helianthus anomalus is a narrowly distributed endemic of Utah and Arizona (USA), adapted to moving and semistable sand dunes in a relatively arid climate (Schwarzbach et al. 2001; Ludwig et al. 2004 ). Many of the extreme phenotypic traits that are adaptive in H. anomalus appear to have arisen via hybridization Ludwig et al. 2004; Rosenthal et al. 2005) . H. anomalus also is strongly reproductively isolated from H. annuus and H. petiolaris by a chromosomal sterility barrier (Lai et al. 2005) . Samples of the three species (Table 1) Samples were collected from at least 50 individuals along a transect across the population or from all individuals in small populations.
Leaf tissue was collected in the field and placed in 15 mL Falcon tubes with desiccant for transport and storage. Tissue was ground, and DNA was extracted using a QIAGEN DNeasy kit. DNA quality and concentration were determined using a spectrophotometer, and the concentration of each sample was diluted to 2 ng/µL with purified water.
Polymerase chain reaction (PCR) and microsatellite genotyping
The microsatellite loci and primer sequences used in this study were derived from a database of ESTs developed for sunflowers by the Compositae Genome Project database (CGP; http://cgpdb.ucdavis.edu/). Only those loci that amplified well across all species and had been genetically mapped (Burke et al. 2002; Tang et al. 2002; Lai et al. 2005) were employed for population surveys. The 5′ end of each forward primer had an extension, complementary to M13 universal primer, labelled with one of four dyes FAM, VIC, NED and PET (Schuelke 2000) .
Amplification was done using a touchdown polymerase chain reaction (PCR) protocol, designed to reduce nonspecific primer associations and subsequent arbitrary fragment amplification (Don et al. 1991 ). An initial denaturing step of 3 min at 95° was followed by 10 touchdown cycles of 30 s at 94°C, 30 s at the annealing temperature (58° with a decrease of 1° each cycle), and 45 s at 72°. The touchdown cycles were followed by 29 cycles of 30 s at 94°, 30 s at 48° and 45 s at 72°. The final step was a 20 min elongation phase at 72°.
Allele identification was performed using an ABI3730 capillary sequencer (Applied Biosystems, Foster City, CA). One µL of amplification product from each of four loci, each labelled with a different dye, were pooled and diluted in 54 µL ddH 2 O (1 : 60). One µL of the diluted PCR product was then added to a 9 µL mixture of 0.1 µL of GenScan-500 Liz Size Standard (Applied Biosystems) and 8.9 µL ddH 2 O. Samples were denatured for 5 min at 95° and cooled immediately on ice before they were loaded on the sequencer. Chromatographs of genotyping data were generated and fragment lengths were scored using genemapper 3.0 (Applied Biosystems).
Analyses of microsatellite data
Variance in repeat number, genetic diversity and global F ST (Weir & Cockerham 1984) were computed for each locus using MSAnalyser (Dieringer & Schlötterer 2003) . For three loci, only one allele was detected for H. anomalus (HT715 and HT941) or H. petiolaris (HT716). In these cases, the calculated variances are zero. To avoid dividing by zero in calculations of ln RV, we followed Edelist et al. (2006) by adding a single allele that differed by one repeat unit from the most abundant allele. This results in a slight underestimation of ln RV or ln RH, respectively, for the three loci.
Both (ln RV ann/pet and ln RH ann/pet ). To account for multiple comparisons, we used the sequential Bonferroni correction (Rice 1989) as follows. For each index we ranked all the values from the three interspecific comparisons. Because the indices did not show significant deviations from a normal distribution, significance levels could be computed as the mean of the normal probability distribution for each category (ano/ann, ano/pet or ann/pet) minus 1− (alpha/k), where alpha is 0.05 (one-tailed test) and k is the rank of the ln RV or ln RH value (one is the highest value and 177 the lowest). Given that our goal is to identify candidate loci for further investigation, it might be argued that the use of a sequential Bonferroni correction is overly conservative and some positively selected genes may be missed (Moran 2003 ). However, as described later, there is no shortage of candidates, so it seemed best to err on the side of caution. Because selection leaves reduced variability in the genomic region flanking the selected site (Maynard-Smith & Haigh 1974), analyses of multiple, linked markers can reduce false positives (Wiehe et al. 2007) . The width of the sweep can be inferred from the same pattern, if there is sufficient density of markers.
Here, we employed a modification of the multilocus test of Wiehe et al. (2007) to ask whether the pattern of heterozygosity at loci linked to outlier ln RH values is more correlated than expected by chance. We first standardized all ln RH values:
For each outlier locus i we summed the values for adjacent loci from both sides along the linkage group to create the test statistic where n is the number of loci included in the test and the ln RH value of the outlier locus is not included in the summation. Because ln RH does not show significant deviation from a normal distribution (see Results), the distribution of T(n) is approximately normal with a mean of ca. 0 and variance n (Wiehe et al. 2007) . For each outlier locus we estimated the effect of the putative sweep by testing the significance of T(n) at increasing recombinational distances from the target locus.
To estimate the proportion of genetic variance distributed within and among populations and species, we performed hierarchical analysis of molecular variance (amova) using arlequin 3.0 (Excoffier et al. 2005) . Relationships among hybrid and parental species genotypes were revealed by Principle Coordinate Analysis (PCoA), using genalex6 (Peakall & Smouse 2006) . We analyzed the dataset twice: first with all the loci, and then only with loci that showed significant reductions in variation or heterozygosity. The goal of the separate analyses was to investigate the possible role of selection in differentiating the species, as opposed to reduced gene flow resulting from reproductive isolation. Lastly, we computed F ST for each locus as a measure of genetic differentiation among species, using f-stat (version 2.9.3; http://www.unil.ch/izea/softwares/fstat.html).
Gene-product attributes
cDNA sequences of outlier loci (see Results) were obtained from the CGP database and compared to the TAIR7 Arabidopsis thaliana genome release (www.arabidopsis.org). The best A. thaliana hit for each transcript was determined using blastx (Altschul et al. 1997 ) with a minimum e-value of 10 -10 . Genes with A. thaliana annotations were categorized according to cellular component, molecular function and biological process using Gene Ontology (GO) functional groups, based on the Arabidopsis genome annotation (The Gene Ontology Consortium 2000). Attributes of the putative products of the outlier loci were further explored using InterProScan (http://www.ebi.ac.uk/InterProScan/ index.html; The InterPro Consortium 2001; Zdobnov & Apweiler 2001 ). This web-based program searches for protein families, domains and sites by comparing an input sequence with all six reading frames against various protein databases. Minimum open-reading-frame size was set to 90 bases.
Gene sequencing
We sequenced two of the seven loci that showed reduced allelic diversity (HT953 and HT998) both to confirm the results of the microsatellite analyses and to identify sites that might be the target of selection. Only two loci were sequenced. The other five were not sequenced because of difficulties obtaining sequences from the cDNA library of the ESTs or designing primers that would amplify the coding region. Twelve individuals each from H. petiolaris, H. annuus and H. anomalus, providing broad coverage of the geographical distribution in Utah, were sampled for sequencing. Loci were PCR-amplified from genomic DNA using PCR primers designed utilizing sequence data from the sunflower EST database (953F-GTAATGAAAGAC GATGACG; 953R-GTTTAGTTTCAACGACATTACTG; 998F-GGAGTGCAGAACCTTAGACATC; 998R-CATGAAATAT ATGCCATGCCAAGATC). Ten µL PCR reactions included 2 ng/µL DNA, 1 U taq DNA polymerase, 10 ng/µL each primer, 2.4 µL taq buffer (200 mm tris-HCl, 100 mm KCl, 100 mm (NH 4 ) 2 SO 4 , 20 mm MgCl 2 , 1%Triton, 1 mg/mL BSA) and H 2 O to volume. Fragments were amplified using a touchdown protocol: an initial denaturing cycle of 3 min at 95°C was followed by 10 touchdown cycles (temperature drops 1°C each cycle) of 30 s at 94°C, 30 s starting at 62°C and 45 s at 72°C. These 10 cycles were followed by 29
cycles of 30 s at 94°C, 30 s at 52°C and 45 s at 72°C followed by an elongation period of 10 min at 72°C. Final product was cleaned using ExoSap-It (USB, Cleveland, OH). PCR products were diluted to 10-20 ng/µL for sequencing reactions. Sequencing reactions included 1 µL PCR product, 7.5 µL ddH 2 O, 0.6 µL of 25 mm MgCl, 0.4 µL primer (953F, 998F & R) and 0.5 µL BigDye (Applied Biosystems). Sequences obtained for locus 953 were relatively short (see Results), and the forward primer (953F) was sufficient to sequence it completely. Locus 998 was longer (see Results) and was sequenced from opposite directions using forward and reverse primers (998F & R). Sequencing was performed using an ABI3730 capillary sequencer (Applied Biosystems). Sequence chromatograms were visualized and edited using sequencher 4.1.2 (Gene Code Corp.). Alignments were performed using macclade with amino-acid translations (Maddison & Maddison 2000) . When heterozygotes were detected in HT998 in which frame shifts led to unreadable sequence, the PCR product from these accessions was cloned using the TOPO TA cloning kit (Invitrogen™). Given our specific interest in sequence variation, haplotypes from heterozygotes with simple polymorphic sites were estimated using homozygote sequences as template. These haplotypes may not be exact but represent the variability in sequence data present in the two heterozygote phases. Following alignment, coding regions were identified by translating the consensus DNA sequence to protein sequence, using both ORF Finder (http://www.ncbi.nlm.nih.gov/ gorf/gorf.html) and ExPASy (http://www.expasy.ch/ tools/dna.html). The UTR sequence was removed before further analyses. Sequences and alignments are available in GenBank (Accession nos EF165367-EF165469). We used dnasp version 4.10.4 (Rozas et al. 2003) for calculating variability statistics and performing neutrality tests. To detect reductions in variation in the sequence data, we used an index ln RV i (analogous to ln RV), which is the natural logarithm of the ratio of variance at a locus between two populations: where π is nucleotide diversity in a sequence (Nei & Li 1979; Nei & Kumar 2000) in populations i and j. In a random mating population, π is simply heterozygosity in the nucleotide level (Nei & Kumar 2000) and hence has some similarity to ln RH. However, this condition is violated in our study by the pooling of populations within a species. Hence, we treat ln RV i as a measure of reduction in sequence diversity, equivalent to ln RV. Ln RV i was computed by calculating π for each of the three species at each locus by using a 'sliding window' (sizes 100 and 50) with step sizes of 10 and 25 under each window size along the sequences in dnasp and then calculated ln RV i for each window across the two loci. The sliding window analysis was intended to determine whether putative sweeps affect variation across the entire locus (as assumed by the general hitch-hiking mapping approach employed here) or whether the affects of the sweeps are more local.
Two neutrality tests were performed: Tajima's D (Tajima 1989 ) and Fu's Fs (Fu 1997) . Both tests detect local skews in the frequency spectrum of polymorphisms due to population expansion or selection, but Fu's Fs is more sensitive to the former (Fu 1997 ). Tajima's D was calculated using dnasp (Rozas et al. 2003) , whereas Fs determined using arlequin 3.0 (Excoffier et al. 2005) . In addition, we performed a sliding window analysis (window sizes 50 and 100, step size 10 and 25) of the ratio between nonsynonymous (Ka) and synonymous substitutions (Ks) using each species individually as the reference population in comparison to the other two species. Ka and Ks values were normalized as the number of nonsynonymous or synonymous substitutions per nonsynonymous or synonymous site, respectively. The analysis of Ka/Ks is based on the expectation that within coding regions, synonymous substitutions occur more frequently than nonsynonymous (K A ) changes. In general, Ka/Ks ratios of > 1 are considered evidence of positive selection. Ka/Ks ratios were estimated following Nei & Gojobori (1986) , and the sliding window analysis was implemented in dnasp (Rozas et al. 2003) .
Lastly, maximum likelihood (ML) methods were employed to test for positive selection and positively selected sites (Suzuki & Gojobori 1999) in HT998, using codeml as implemented in paml (Yang 2000) . Additional Helianthus taxa recovered from GenBank and the Helianthus EST database were added to the data set (H. ciliaris Cl313, H. exilis CHES7914, H. paradoxus CL488 & CHUS6029, H. petiolaris CL143.1 and 2, H. tuberosus CHTM1878.b1). These taxa provided outgroups and increased power under likelihood methods . Models M0 (one-ratio), M1 (neutral), M2 (selection), M7 (beta) and M8 (beta & ω) were implemented (Nielsen & Yang 1998; Yang et al. 2000) using an underlying neighbour-joining tree estimated using paup* (Swofford 2000) . Models M2 and M8 are designed to test for positive selection and have been shown to perform well under both real and simulated data (Wong et al. 2004) . We tested for positive selection using -2[ln(H 0 ) -ln(H 1 )] as a test statistic, where M1 and M7 are H 0 and M2 and M8 are H 1 , respectively. Significance was obtained from a chi-square distribution using a likelihoodratio test (LRT), with one degree of freedom .
Results
Pattern of variation across the genome
A total of 59 loci were genotyped across all three species. The values for all comparisons with significant values for ln ln
either of the two indices are given in Table 2 . For all loci and all species comparisons, the distribution of values of ln RV and ln RH did not differ significantly from normality (Kolmogorov-Smirnov test; P > 0.1 for all analyses), as expected from computer simulations (Schlötterer 2002; (Ungerer et al. 1998) . To account for the apparent bottleneck effect, we tested for significant deviations from the mean, rather than from zero (Wiehe et al. 2007) . Note that this correction makes the tests for reduction in variation/ heterozygosity more conservative, relative to the significance level proposed by Schlötterer (2002) and . Values for all loci are provided in Table S1 (Supplementary materials). Six loci exhibited a significant reduction in variation or heterozygosity in H. anomalus, compared to one or both of the parental species (Table 2) . Two of these (HT715 and HT953) represent strong candidates because both test statistics were significant for comparisons of H. anomalus to both parents. The remaining four loci (HT719, HT813, HT941 and HT998) are weak candidates because they were significant in only a subset of the comparisons made (Table 2) . Interestingly, HT998 exhibited reduced variability in comparisons of H. anomalus to H. annuus and H. petiolaris to H. annuus, but not in comparisons of H. anomalus to H. petiolaris, implying a loss of variation in multiple species, a hypothesis confirmed by sequence data (see below). An additional locus (HT945) differed in variability levels between the parental species.
For three linkage groups (LG13, LG15 and LG17), there were sufficient loci to examine the pattern of selection along a chromosome (Fig. 1) . Map distances are from the framework map for the common sunflower S. K. Knapp, personal communication) . Markers linked to outlier values of ln RH showed no correlation in variability levels (based on significance of T(k); see Methods), indicating that these are false positives or that swept segments are smaller than the distance to the nearest locus genotyped. Given the low density of markers sampled, the latter hypothesis seems likely. Note that LG13 contains no significant reduction in any of the loci.
Gene-product attributes
The predicted proteins for three of the seven outlier loci had no recognizable domains (Table 3) , possibly indicating that they are sunflower-specific genes or rapidly evolving genes lacking recognizable homologies with proteins from other organisms. InterPro Scan detected a protein domain match for the other four outlier loci, and GO annotations could be assigned to three of them (Table 3) . HT719 contains a domain that is possibly related to light regulation (InterPro annotation: IPR009856) but was not significantly assigned to any GO biological process or molecular function. HT813 showed homology to Carotene hydroxylase (IPR005596; GO:0042411). HT953 appears to be a Zinc finger, PHD-type protein (IPR001965), which are thought to be involved in chromatin-mediated transcriptional regulation. Lastly, HT998 contains a Ca 2+ -dependent membrane-targeting module (IPR000008) that may target proteins to the vacuole (GO:0000326). However, these data are too few and too general to make useful conclusions about function or to relate them to ecological adaptation in H. anomalus.
Differentiation among populations and species
Hierarchical analysis of molecular variation (amova; Table 4) revealed that approximately half of the molecular variance is partitioned among species, with the remainder approximately equally distributed within and among populations within species. Surprisingly, a larger proportion of the among-species variation is due to comparisons between H. anomalus and its parents (22.2% H. annuus and 16. 8% H. petiolaris) rather than comparisons between the parental species (13.4%).
Locus
LG PCoAs of individual plant genotypes clearly separated H. anomalus and the two parental species along the first and third axes, whereas in the second axis, H. anomalus occurs intermediate between the two parental species (Fig. 2A ,B) . Interestingly, H. anomalus individuals segregated along the third axis according to geography, with individuals from eastern (Hanksville) and western (Little Sahara) Utah occurring in discrete clusters (Fig. 2B) . No geographical separation was found after re-analysis using only the seven outlier loci (Fig. 2C, D) .
Candidate genes -sequence analyses
One hundred and sixty five bases of coding sequence were obtained from 29 individuals for locus HT953. Among the three species there were six polymorphic sites in HT953, all substitutions were synonymous and none were fixed in any of the three species. For locus HT998, 34 individuals were sequenced for 699 bases. There were 75 polymorphic sites with a total of 54 synonymous and 21 nonsynonymous changes. One nonsynonymous change is found solely in all H. anomalus, although three heterozygote individuals retain an allele lacking the change (sequence alignments provided in Tables S2 and S3 , Supplementary materials). General measurements of variability within and among taxa are presented in Table 5 . H. anomalus sequences from locus HT998 are more similar to H. petiolaris than to H. annuus, implying that the hybrid inherited this locus from H. petiolaris. Unfortunately, there was too little sequence variation in HT953 to infer parentage at this locus.
Tajima's D (Tajima 1989 ) and Fu's Fs were not significant for either locus in any of the three species, although for HT953, Fs was close to the significance threshold in H. annuus [Fs = -2.8, P = 0.029; significance cut-off = 0.02 (Fu 1997)] . The sliding window analysis of HT998 identified a high Ka/Ks ratio (> 1) between DNA sequence positions 350-450 (Fig. 3) regardless of which species is treated as the source species and under all analysis parameters (i.e. window sizes 100 or 50 bases, step size 10 or 25 bases). ln RV i does show a decline for H. anomalus relative to H. annuus or H. petiolaris in this sequence region under all analysis parameters (i.e. there is lower sequence variability for H. anomalus), but this is not unique to this region of the sequence with other regions where ln RV i is much lower (Fig. 4) . Interestingly, the H. anomalus sequence variability is roughly similar when compared to either of the parental species from the start of the sequence roughly to position 450, while the pattern of sequence variability between H. petiolaris vs. H. annuus is unique. Between positions 535 and 590, H. annuus shows low variability compared to H. petiolaris and H. anomalus (Fig. 4) .
In addition to point mutations, length variation was observed at multiple positions. Notably, at positions 373-375 we found a gap of three bases (one codon; Ala) in sequences of H. annuus, which was not found in H. anomalus and H. petiolaris. The amino acid immediately adjacent to this domain is conserved among H. annuus and H. petiolaris (Ala), while there is a unique variant (Thr) among most H. anomalus individuals at this position in the sequence, although two haplotypes retain (Ala). We used PredictProtein (Rost et al. 2003) to identify putative functional domains in (Hulo et al. 2006) imply that the site with a codon deletion in H. annuus (positions 373-375 of the DNA sequence) is located adjacent to the start of an Nmyristoylation motif (PROSITE Accession no.: PS00008). Myristate is a fatty acid added to the N-terminal of a protein and alters the physical and functional properties of the modified protein (Towler et al. 1988; Farazi et al. 2001) . In addition to the N-myristoylation motif identified, a C2-domain was also recognized by InterProScan. This suggests that HT998 codes for a signalling protein that interacts with cellular membrane proteins and could potentially be involved in a broad array of biological processes (Nalefski & Falke 1996) .
Multiple indels were detected between positions 502 and 612. This length variation is not consistent across taxa and varied among haplotypes in heterozygous H. anomalus and H. petiolaris. The microsatellite sequences appear to be positioned within the coding region and not in the UTR, as is the microsatellite in HT953.
Under ML tests for selection of HT998, the models that specify parameters for selection (M2, M8) outperformed those that do not [M1, M7; see Yang et al. (2000) for model details] as measured by likelihood estimates. Under the likelihood ratio test, M2 outperformed M1 (P < 0.01), as did M8 compared to M7 (P < 0.001). Both M2 and M8 identified positively selected sites (P < 0.05; Table 6 ). These sites did not correspond to the sequence region (350-450) displaying a high Ka/Ks ratio. M2 and M8 identified 1.4% and 2.7% of sites, respectively, under strong positive selection.
Discussion
Patterns of reduced genetic diversity in Helianthus anomalus
In this study, we identified several genomic regions that had experienced significant reductions in allelic variation or genetic diversity in a homoploid hybrid species, Helianthus anomalus. Previous studies showed that H. anomalus is reproductively isolated from its parental species by chromosomal rearrangements (Lai et al. 2005) , and that niche differentiation of H. anomalus created ecological isolation from the parental species (Ludwig et al. 2004) . Here, we show that some genomic regions in the hybrid species are less diverse than the corresponding regions in the parental species' genome. The abrupt changes in variability we found along linkage groups (Fig. 1) suggest that reduced variability in these outlier loci may be due to positive selection on advantageous alleles (although see below) rather than the fixation of a new homokaryotype; otherwise larger regions along the chromosome would show correlated reductions in variation. Also, the outlier loci do not map closely to chromosomal breakpoints.
While selection is one possible cause of reduced allelic variability at a given locus (e.g. Maynard-Smith & Haigh 1974; Harr et al. 2002; McDaniel & Shaw 2005; Edelist et al. 2006) , reduced variance may also result from intermediately severe population bottlenecks or selection at a linked locus (Wiehe et al. 2007 ). Thus, while we provide a ranked list of candidate genes, the role of selection needs to be assessed by additional sequencing of the candidate genes, as well as by sequencing of neutral genes for comparative purposes.
Reduction in genetic variation in a species relative to its ancestors can be explored in various ways. The indices we used, ln RV and ln RH, control for variation in mutation rates among loci as well as genome-wide effects on variation due to population-size expansions or contractions, sampling design and population admixture (Schlötterer 2002; ). These 'model-free indices' are advantageous over model-based approaches when the historical demography of populations is poorly understood, when the assumptions of models are potentially violated and when mutation rates vary across loci, such as in the present study (Beaumont 2005; Hedrick 2005; Storz 2005) .
Despite the supposed robustness of the ln RV and ln RH statistics to fluctuations in population size, the mean values of ln RV or ln RH, respectively, were significantly lower than zero. This implies that H. anomalus experienced a population bottleneck during its recent evolutionary history, which decreased overall genetic variation compared to the parental species. By standardizing to a zero mean, however, we were able to identify loci with more extreme reductions in genetic variation. Molecular analyses of numerous loci currently underway will provide better insight into the historical demography of the species ( J. Strasburg and L. Rieseberg, unpublished) .
Following correction for the apparent bottleneck, seven outlier loci passed our significance thresholds, of which six were due to reduction in variability in H. anomalus compared to one or both the parental species. While at least three false positives are expected by chance at a 95% confidence level (Storz 2005; Wiehe et al. 2007 ) and reduced variation may have other causes (above), the six loci can be viewed as candidate loci, with the two loci exhibiting low ln RV and ln RH indices when compared with both parental species, representing the strongest candidates for further study.
Identification of genes and specific molecular changes underlying adaptive divergence in wild populations is an important goal of evolutionary biology (Orr & Coyne 1992 ), but only recently has this become possible outside of model systems (e.g. Hoekstra et al. 2006) . Unfortunately, the products of the outlier genes in the present study either could not be annotated or could only be annotated with attributes that are too general to evaluate a possible link with dune adaptation. We are currently developing transformation methods for sunflowers, which will make it possible to evaluate the function of these loci more directly.
We also generated sequence data for two of the candidate loci, but population genetic tests, i.e. Tajima's D and Fu's Fs, failed to detect deviations from neutral evolution at either locus. Nonetheless, ML analyses detected past selection in one of the two genes (HT998; Yang et al. (2007) support for two specific selected sites (68 and 80). Additionally, an increased ratio of nonsynonymous to synonymous site substitutions was found in all three species between positions 350 and 450 (Fig. 3) and was accompanied by changes in the physical length of the gene. This genic domain was associated with a putative N-myristoylation motif, but because protein myristoylation contributes to many pathways, such as salt tolerance, apoptosis and signal transduction activity (Ishitani et al. 2000; Farazi et al. 2001; de Vries et al. 2006) , it is not possible to infer its role in ecological adaptation of these sunflower species at the present time. Even the recognition of the N-myristoylation motif should be taken with caution, because it has taxon-specific differences, and the motif recognized by the prosite program appears to have a high rate of false positives (Maurer-Stroh et al. 2002) . The low specificity may explain why the N-myristolation mofit was not found by interproscan.
Although ln RV i exhibited a decline in sequence variability in H. anomalus relative to its parental species at locus HT998, this reduction was not limited to a specific site, but rather to the entire sequence analyzed. The loss of diversity could result from a bottleneck during the speciation process or to a recent selective sweep as implied by the ln RH/ln RV data. Lastly, it is unclear why the sites identified by ML tests as being under selection were different from those identified by other analyses. Clearly, further investigation is needed to explore the role of selection in shaping the pattern of sequence and protein evolution at this locus.
Population and species differentiation
amova results, as well as the PCoA, showed high differentiation among species relative to the differentiation among populations within species (Table 4 and Fig. 2 ). The hybrid species was separated from its parents along the first multivariate axis, whereas the parental species were separated on the second axis only. This seemingly anomalous observation appears to be due to continued gene flow between H. annuus and H. petiolaris subsequent to the origin of H. anomalus (Yatabe et al. 2007 ). This pattern is similar to that found in another homoploid hybrid sunflower species, H. paradoxus (Edelist et al. 2006 ) and may result from both the independent evolution of H. anomalus after hybrid speciation, as well as ongoing gene flow or introgression between the parental species.
Interestingly, there was genetic differentiation between the eastern and western populations of H. anomalus when all loci were included in the analysis, but not when the analysis was restricted to outlier loci (Fig. 2 ). This implies that (i) the putative sweeps detected in the present study are specieswide rather than restricted to local populations; and (ii) the genetic differences at neutral loci are a consequence of reduced gene flow rather than differential adaptation.
Implications for ecological speciation
So why is there such a high frequency (ca. 10%) of loci that showed extreme reductions in variability in the H. anomalus genome? One possibility is that a relatively large number of genetic changes have been targeted by selection during the origin and evolution of H. anomalus. Alternatively, the high proportion of outlier loci in the H. anomalus genome might be a byproduct of one or more population bottlenecks, which are known to increase the variance in diversity among loci (Aldrich et al. 1998) .
The abrupt changes in variability across the genome, even between very closely linked genes (Fig. 1) , implies that the sizes of the hitch-hiked fragments detected in this study were small; seemingly much smaller than in another sunflower hybrid species, H. paradoxus, where microsatellites several centi-Morgans from selected QTLs exhibited a significant reduction in variability (Edelist et al. 2006) . The reason for this difference is not clear, although H. anomalus appears to have a more ancient origin ) and the sweeps detected here probably occurred subsequently to its origin, and their hitch-hiking effect would therefore be smaller due to recombination.
Finally, our results suggest that selective sweeps may have united populations of H. anomalus that are isolated by a mountain range (eastern vs. western Utah; Fig. 2 ). This finding provides additional support for the view that even species with low gene flow and a highly subdivided population structure may be held together by the spread of advantageous alleles (Morjan & Rieseberg 2004) .
